Mating induces changes in female insects, including in egg production, ovulation and laying, sperm storage, and behavior. Several molecules and effects that induce these changes have been identified, but their proximate effects on females remain unexplored. We examined whether vesicle release occurs as a consequence of mating; we used transgenic Drosophila that allow monitoring of secretory granule release at nerve termini. Changes in release occur at specific times postmating in different regions of the female reproductive tract: soon after mating in the lower reproductive tract, and later in the upper reproductive tract. Some changes are triggered by receipt of sperm, others by male seminal proteins, and still others by the act of mating itself (or other unidentified effectors). Our findings indicate that the female reproductive tract is a multi-organ system whose regions are modulated separately by mating and mating components. This modulation could create an environment conducive to increased reproductive capacity.
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accessory gland proteins ͉ seminal proteins ͉ ovulation ͉ sperm storage ͉ neuromodulators F or fertilization and subsequent zygotic development in animals with internal fertilization, gametes must meet in the female reproductive tract when the female, eggs, and sperm are reproductively competent. Sperm and oocytes form separately in specialized organs and then enter a common region of the female's reproductive tract. It is essential that they encounter an environment that supports their final maturation and promotes their union. A paradigm for this situation comes from mammals, whose oviducts undergo hormonally mediated cyclic modifications climaxing during the preovulatory period. Oviducts respond to hormone levels with morphological and secretory changes that promote a suitable environment for gametes and fertilization (1) . Less is known about this phenomenon in insects, although female insects require a period of sexual maturation to become reproductively competent. During this period, changes in secretory activity of the oviduct epithelium are correlated with both juvenile hormone and 20-hydroxyecdysone levels in the circulatory system as shown in locusts (Schistocerca gregaria; ref.
2), but the specific triggers for the changes are unknown.
The Drosophila melanogaster female reproductive tract is primarily an epithelium surrounded by circular muscles ( Fig. 1 A and B) . Unique characteristics and thickness of the epithelium in specific regions of the reproductive tract (4) suggest that secretion patterns may differ between regions. Terminal branches of the abdominal nerves (Ab T Nv) innervate the female reproductive tract (ref. 4 and this study), providing the potential to modulate the responsive capacity of the musculature and epithelium.
During and after mating, sperm transferred to the female must be stored, and egg production must increase, for high fertility (5) (6) (7) (8) . To accomplish this transition at high efficiency, the female's reproductive tract must become ''aware'' that insemination has occurred. In most insects, mating stimulates the female's egg production, sperm storage, and behavioral changes, by means of neural and chemical cues (e.g., substances in the seminal fluid; refs. [9] [10] [11] [12] [13] [14] [15] [16] . This finding and the notion that in vertebrates the oviduct actively responds to endocrine stimuli (1) led us to test whether seminal fluid components could induce changes in the female D. melanogaster reproductive tract conducive to secretory and muscular activity.
Mating Drosophila males transfer sperm and associated seminal fluid, which includes accessory gland proteins (Acps), to females (12) (13) (14) (15) (16) . Acps decrease sexual receptivity, stimulate a rapid increase in egg production, ovulation, and deposition, mediate sperm storage, and decrease females' longevity; sperm also contribute to some of these changes. In addition to, and as a result of, their proximate action on females, Acps have been suggested to be important players in evolution, reflecting roles in sperm competition and͞or sexual conflict (15, (17) (18) (19) (20) (21) . To evaluate these models, it is important to know how Acps and other mating components affect females at both physiological and molecular levels, and the timing and positions of their effects.
Because virgin female Drosophila make, ovulate, and deposit eggs at a low rate, we hypothesize that the female reproductive tract can perceive and respond to hormonal stimuli, but that mating, including receipt of seminal proteins, induces optimal physiological conditions required for rapid and successful fertilization. Mating might stimulate secretion of molecules from reproductive tract tissues into the lumen of the reproductive tract to act as organic osmolytes, membrane stabilizers, or facilitators of sperm motility or maturation. Alternatively, mating and͞or seminal fluid components may modulate release of neurotransmitters to change the membrane potential of postsynaptic neurons, of neurohormones to change the function or direct the activity of organ(s) or tissue(s), or of neuromodulators to influence neurons' responses to neurotransmitters. Any of these effectors could potentially modulate the contractile activity of reproductive tract musculature. A paradigm for what could be modulated is offered by locusts (Locusta migratoria), whose oviducts are innervated by neurons whose neuroactive substances (including the neuropeptides SchistoFLRFamide and proctolin, the neuromodulator octopamine, and probably the neurotransmitter glutamate) mediate muscle contraction (22) (23) (24) (25) (26) (27) . Two recent reports indicate that octopamine also regulates ovulation in D. melanogaster (28, 29) .
Here, we test whether mating and͞or seminal fluid could modulate the release of neuroactive substances into and͞or onto the Drosophila female reproductive tract. Specifically, we examAbbreviations: Acp, accessory gland protein; ANF, atrial natriuretic factor; EMD, emerald variant of GFP; SNAP-25, synaptosome-associated protein of 25 kDa; OMFIL, overall mean fluorescence intensity level; LMFIL, local mean fluorescence intensity level; DFS, distribution of the fluorescence signal; LO, lateral oviduct; COU, upper common oviduct; COD, lower common oviduct; SR, seminal receptacle; SP, spermathecae; UT, uterus; TUD, spermless male; DTA-E, sperm-less, Acp-less male.
ined effects of mating and seminal fluid components on vesicle release in transgenic D. melanogaster that express throughout their nervous system a fusion of the neuropeptide rat atrial natriuretic factor (ANF) with the emerald variant of GFP (EMD) (28) . Rao et al. (30) showed that this fusion protein is proteolytically processed and stored in secretory granules that are transported down axons and become concentrated in nerve termini, preferentially in peptidergic nerve termini. This transgenic system allowed us to visualize nerve termini and test whether their vesicle release was modulated; we could measure this release as changes in fluorescence intensity level as a consequence of mating. Staining with antibodies against SNAP-25 (synaptosome-associated protein of 25 kDa) separately confirmed the presence of synaptic contacts in this region of the reproductive tract.
We compared vesicle release in the reproductive tracts of virgin females with that in females mated to normal males or to males deficient in sperm and͞or Acps. We found that, immediately postmating, there is vesicle release in the lower reproductive tract (lower common oviduct, seminal receptacle, and uterus). Later (3 h postmating), when females are ovulating at high rates and egg production has reached maximal levels, net vesicle release is inhibited in the upper reproductive tract (upper common oviduct and lateral oviducts). By comparing vesicle release in females mated to WT, spermless, or seminal fluid-deficient Drosophila males, we teased apart the contribution of mating, sperm, and seminal proteins to the regulation of vesicle release.
Materials and Methods
Flies. Flies were maintained, collected, and aged (as virgins) for 3 days before testing, as described (31) . All females were homozygous for P[UAS proANF-EMD], P[elav-GAL4] (30); this UAS-proANF-EMD stock was kindly provided by D. Deitcher (Cornell University). WT males were Canton S. Transgenic ''DTA-E'' males deficient in Acps and sperm and were described in Kalb et al. (32) . DTA-E males make no detectable Acps in the main cells of their accessory glands (96% of the gland) and no sperm. They make secondary cell, ejaculatory bulb, and ejaculatory duct proteins (32) . Spermless males (TUD) were sons of Canton S males and bw sp tud 1 females (33).
Reproductive Tract Bioassay. We generated a map of vesicle release patterns by examining the fluorescence intensity level of proANF-EMD in different regions of the female reproductive tract and the distribution of the fluorescence signal within a given region, at different times after mating. Reproductive tracts from virgin and mated females were analyzed. Single virgin females were placed with virgin males (WT, DTA-E, TUD) and timed as soon as mating began. At the end of copulation (Ϸ20 min after the start of mating), females were either placed on ice or were aspirated into fresh vials with yeasted food and held singly at 25 Ϯ 2°C for 90 min [start of ovulation (31); time of maximal sperm storage (34) ], or 180 min [start of egg deposition; fertilization also is occurring frequently by this time (31, 35) ] before being placed on ice. Female reproductive tracts were dissected on ice in PBS containing 0.1% Triton X-100 (PBST; pH 7.4). Dissected reproductive tracts were washed additionally in PBST and then mounted in Antifade (Molecular Probes). Each slide held reproductive tracts from virgin females and from females mated to different males to normalize imaging (see also Fig. 5 , which is published as supporting information on the PNAS web site).
To examine whether exposure to males affected vesicle re- lease, we watched virgin females as they interacted with males. Females were removed for analysis after males had begun courting them, but before copulation occurred. To supplement these quantitative measures, we determined the distribution of the fluorescence signal (DFS) to determine the uniformity of signal within the selected region. These quantities were evaluated in the lateral oviducts (LO), upper common oviduct (COU), lower common oviduct (COD), seminal receptacle (SR), spermathecae (SP), and uterus (UT) (Fig.  1 ). Signals were not evaluated in ovaries.
Statistics. One-way ANOVA (SPSS 8.0 for Windows) were used to measure the differences in intensity level and signal distribution between each pair of treatments. To define mating-induced changes, we compared signals in virgins with those in genetically identical females that had mated to WT males. To define spermdependent changes, we compared mates of WT or TUD males. To define Acp-dependent changes, we compared mates of TUD or DTA-E males (see also Supporting Materials and Methods).
Results and Discussion
Region-Specific Innervation Pattern in the Drosophila Female Reproductive Tract. Using anti-Fascilin II to stain neural cell membranes, we observed terminal branches of the abdominal nerves (Ab T Nv) innervating the female reproductive tract (Fig. 1C) . The abdominal ganglionic center branches at its terminus (4). Nerves from either or both branches pass above the lateral oviducts and then run posteriorly along the common oviduct to the sperm storage organs and the uterus (Fig. 1D) . Each nerve fiber then splits further into several fine branches, which spread over the surface of the reproductive tract muscle fibers. To examine the behavior of secretory granules in the female reproductive tract, we used the proANF-EMD system, which has previously documented accumulation of secretory granules at nerve termini in the larval neuromuscular junction (30) Fig. 1E ; sperm storage organs (SP and SR), Fig. 1F ; and UT, data not shown], indicating that nerve termini containing proANF-EMD vesicles branch on the surface of the reproductive tract musculature. Staining of proANF-EMD females' reproductive tracts with rhodamine-coupled anti-horseradish peroxidase antibody, which stains all neural cell membranes (30, 38) , revealed an innervation pattern similar to that of proANF-EMD fluorescence (data not shown).
Regions of the female reproductive tract [lateral oviducts, common oviduct, sperm storage organs (SR and SP), and UT] differ in innervation patterns. Some are more intensely innervated (e.g., LO, Fig. 1E) than others (e.g., COU, Fig. 1E; SR, Fig. 1F ). To see whether the innervation patterns in the different reproductive tract regions correlated with their quantified fluorescence intensity levels (OMFIL F and LMFIL F ; see Fig. 1 legend) , we calculated the total fluorescence intensity level at each region of all examined females. proANF-EMD fluorescence intensity level (OMFIL F and LMFIL F ) differed between the regions of female reproductive tract and was highest in lateral oviducts (Fig. 1G) . This region is also the most heavily innervated of the reproductive tract. proANF-EMD fluorescence was lower in less innervated regions. Presence of vesicle-bound molecules in all reproductive tract regions gives the potential to modulate release of neuromodulators to mediate postmating responses in the reproductive tract.
Mating Induces Changes in proANF-EMD Staining Levels in Nerve
Termini of the Oviducts and the Seminal Receptacle. During exocytosis, when vesicles at nerve termini release their contents, proANF-EMD fluorescence becomes diffuse and decreases in intensity (30, 39) . Because actual measured fluorescence intensity level (OMFIL F and LMFIL F ) reflects the balance between (i) accumulation of proANF-EMD in vesicles and (ii) release of proANF-EMD from vesicles, an increase in fluorescence intensity level indicates net accumulation of vesicles at nerve terminals whereas a decrease in fluorescence intensity level indicates net release.
To test whether mating induces a change in neuropeptide distribution or release in nerve termini innervating female reproductive tracts, we compared the proANF-EMD fluorescence intensity levels in virgin females with those in females after mating to WT males. If mating promotes changes in nerve termini in a region of the female reproductive tract, proANF-EMD fluorescence intensity levels should change after mating and͞or there should be a significant change in the distribution of proANF-EMD within that region. Mated females were examined at different times after the start of mating (20 min, the end of copulation; 90 min, the start of ovulation and maximal sperm storage; 180 min, the start of egg deposition). Quantitative analyses of the fluorescence images showed that mating induces changes in proANF-EMD fluorescence at nerve termini in all regions of the female reproductive tract (Fig. 2) . These changes were due to mating because, if females were exposed to courting males but were not allowed to mate with them, fluorescence intensity levels (OMFIL F and LMFIL F ) in the reproductive tract regions did not differ significantly from those in virgin females (data not shown). Thus, mating affects the nerve termini innervating the female reproductive tract.
The pattern of mating-induced changes in fluorescence differed between reproductive tract regions, and at different times after mating (Fig. 2) . Shortly after the start of mating, changes are seen mainly in the lower reproductive tract: in the uterus, lower part of the common oviduct, and seminal receptacle. Their fluorescence intensity levels tended to decrease soon after mating although the changes were significant only in the uterus at this time. Later, changes occur mainly in the upper part of the common oviduct and the lateral oviducts. By 180 min after mating, there is a relatively high intensity of fluorescence in the upper reproductive tract, significant in the lateral oviducts.
At 20 min after mating (end of copulation), there was a significant decrease in fluorescence intensity level in the uterus (2.6-fold; OMFIL F : T ϭ 2.61, P Ͻ 0.0013; LMFIL F : T ϭ 3.11, P Ͻ 0.004; Fig. 2 A) . This decreased intensity level suggests a net release of the contents of the proANF-EMD secretory granules at nerve termini in the uterus as a result of mating. A less dramatic decrease in intensity level was also observed in the lower part of the common oviduct (2.3-fold) and in the seminal receptacles (1.4-fold); neither was statistically significant (Fig.  2B) . Other regions showed no significant change in intensity level (see Table 1 , which is published as supporting information on the PNAS web site).
At 90 min after mating, when ovulation begins and active sperm storage is maximal, the fluorescence intensity in the uteri of mated females still differed from that in virgin females although the intensity difference was smaller than at 20 min (1.5-fold) and no longer statistically significant (Fig. 2B) . Other regions were unchanged (see Table 1 ).
By 180 min after the start of mating (start of egg deposition), a significant increase (2.2-fold; OMFIL F : T ϭ Ϫ2.81, P Ͻ 0.008; LMFIL F : T ϭ Ϫ2.91, P Ͻ 0.006) in fluorescence intensity level was observed in the upper part of the common oviduct (Fig. 2C) , suggesting net accumulation of proANF-EMD. An increase in intensity also occurred in the lateral oviducts (1.6-fold), but it was not statistically significant (Fig. 2C ), nor were changes elsewhere (see Table 1 ). Thus, whereas in the lower part of the reproductive tract mating induces net vesicle release shortly after mating, in the upper reproductive tract, mating inhibits net release or increases accumulation of proANF-EMD vesicles in nerve termini at later times postmating. In addition to changes in intensity level, we also observed significant changes in distribution of proANF-EMD fluorescence signal (DFS, see Materials and Methods) in some regions (DFS (virgin) . Changes in distribution of proANF-EMD suggest that mating affects specific nerve termini within a region. Because not all termini respond in the same way to mating, it is possible that stimuli other than mating are involved in mediating release or accumulation of proANF-EMD in the above regions.
We also examined the intensity of staining for SNAP-25, a protein that localizes to the presynaptic plasma membrane and is part of the t-SNARE complex that mediates docking of vesicles to the presynaptic terminal membrane (36, (40) (41) (42) . SNAP-25 staining was seen in the regions of the reproductive tract in which we saw vesicle release by the proANF-EMD assay, indicating the presence of synapses in this region. Although our original intent was simply to confirm the presence of synapses in this region, we were intrigued to observe changes in the intensity of anti-SNAP-25 label in some regions after mating. Specifically, by the end of mating and when females start to ovulate (20 min and 90 min, respectively), most changes in SNAP-25 fluorescence intensity level were at nerve termini innervating the lower part of the female reproductive tract (SR, increase of 1.5-fold; LMFIL F : T ϭ 2.17, P Ͻ 0.0022; and SP, decrease of 2.4-fold; Fig.  6 A and B, respectively, which is published as supporting information on the PNAS web site), the regions that showed changes in proANF-EMD fluorescence. Later, when females are actively ovulating and depositing eggs (Fig. 6C, 180 min postmating), changes are mainly seen in the upper part of the oviduct [LO, increase of 1.6-fold (LMFIL F : T ϭ 2.07, P Ͻ 0.016]; COU, increase of 1.4-fold (LMFIL F : T ϭ 2.13, P Ͻ 0.033); SP decrease of 1.7-fold (LMFIL F : T ϭ 2.1, P Ͻ 0.029)], again, the regions in which changes in proANF-EMD fluorescence occur at this time. One explanation for these observations is that they reflect changes in vesicle fusion or in the state of nerve termini. In this model, the temporary increase in plasma membrane due to vesicle fusion (43) would distribute the existing amount of SNAP-25 over a larger area, diluting its effective concentration and thus decreasing anti-SNAP-25 staining intensity. Increased staining intensity could reflect net accumulation or redistribution of vesicles, analogous to the increased staining due to aggregation of a constant amount of acetylcholine receptors on agrin addition (44) or to increased accumulation of SNAP-25 due to its rapid transport into nerve termini (45) . The observations likely monitor activity of a broad group of vesicles, includ- Table 1 ). Graphs are shown only for regions in which substantive changes were observed. ing the peptidergic vesicles monitored with proANF-EMD, but also vesicles containing other neuromodulators, such as octopamine and͞or neurotransmitters.
Effects of mating can be caused by seminal proteins (Acps), by sperm, or by the physical act of mating and͞or other seminal fluid components. To determine which components mediate the postmating changes in the female reproductive tract, we compared the intensity and distribution of proANF-EMD in reproductive tracts of females mated with normal males (WT) with those of females mated to males lacking specific seminal components. Comparison of proANF-EMD fluorescence in mates of WT males vs. spermless males (TUD) defined roles of sperm. Further comparison between mates of TUD males vs. DTA-E males (which lack sperm and Acps) identified Acp effects (see Materials and Methods and ref. 35) . Changes in nerve termini in regions of the female reproductive tract are mediated by different male contributions. Examples are presented below (see also Table 1 ).
Immediate Postmating Effects on the Lower Reproductive Tract Are Mediated by the Act of Mating and͞or Seminal Fluid Components
Other than Acps and Sperm. As reported above, at 20 min after the start of mating, we detected in the uterus a significant decrease in fluorescence intensity level and in the distribution of the fluorescence (Figs. 2 A and 3A) . These changes occurred in mates of WT, spermless, and DTA-E males (Fig. 3A) . Because the change occurs whether or not Acps or sperm are present, the act of mating and͞or seminal fluid components other than Acps and sperm must mediate this change. Not all nerve termini innervating the uterus responded to the mating signal because the lower DFS values that we see when females mate to normal, spermless, or DTA-E males indicate a local response (see Table  1 ). This finding suggests that mating and͞or seminal fluid components other than Acps and sperm mediate changes in specific nerve termini innervating the uterus, rather than in all nerve termini in this region.
Changes in activity of nerve termini innervating the uterus immediately after mating could affect contractile activity of uterine muscles and͞or induce changes in uterine secretion. This change could modify the uterine environment to promote efficient movement of sperm and seminal proteins toward the sperm storage organs and the upper part of the oviduct after mating, as well as providing optimal conditions for sperm motility and seminal fluid activity.
Later, Acps Induce Changes in Nerve Termini Innervating the Seminal
Receptacle. Comparison between virgin females and mates of WT or spermless males at 180 min postmating reveals no change in the fluorescence intensity level of nerve termini innervating the seminal receptacle. Thus, the levels of vesicle release did not seem to change on mating. However, when females were mated to DTA-E males, who do not provide Acps (or sperm), proANF-EMD fluorescence intensity level in nerve termini innervating the seminal receptacles decreased significantly relative to mates of WT (or spermless) males ( Fig. 3B ; 2-fold decrease relative to mates of WT males, LMFIL F : T ϭ Ϫ2.59, P Ͻ 0.0182; a significant decrease relative to spermless males, LMFIL F : T ϭ 2.37, P Ͻ 0.029). That these changes are due to Acps is consistent with time that Acps are detectable in females [Ͻ6 h; (46) (47) (48) ] and act on the female reproductive tract (31) . Our data suggest that Acps are essential to keep a constant level of neuroactive substance in nerve termini innervating the seminal receptacles, either by mediating the balance between release and accumulation or by inhibiting the release from nerve termini.
Sperm Mediate Changes in Nerve Termini Innervating the Upper
Reproductive Tract at Time of Egg Deposition. At 180 min after mating, we also observed a significant change in distribution of proANF-EMD fluorescence in the upper part of the common oviduct. We observed a significant difference in distribution of proANF-EMD between mates of WT and spermless males (DF-S (WT) ; DFS (spermless) : 35.96 Ϯ 4.2; 21.77 Ϯ 3.82, T ϭ Ϫ2.65, P Ͻ 0.017), but no difference between mates of DTA-E males (which are also spermless) and mates of spermless males. Thus, this change correlates with the transfer of sperm during the mating, suggesting that sperm mediate this change. Lower DFS values observed when females mate to spermless males indicate a local response, which means that not all nerve termini innervating the upper part of the common oviduct responded to the signal from sperm. Given that not all nerve termini respond to mating when females mate with Table 1 ).
spermless males, sperm are needed to mediate changes in most but not all nerve termini innervating the upper common oviduct.
The presence of sperm in the female is essential for rapid onset and high levels of egg deposition. Females that receive no sperm begin to deposit eggs later than females mated to WT males (35) , and, if sperm are not stored, egg deposition is low (6) . Our finding here, that vesicle release in the COU depends on the presence of sperm from the mating, suggests that this aspect of the sperm effect may be mediated by release of neuromodulators at specific nerve termini innervating the upper common oviduct that could subsequently regulate the oviduct muscles' contractile activity.
Conclusion
Producing large numbers of progeny shortly after mating ultimately depends on a female's ability to produce mature oocytes ready for fertilization, to manage sperm, and to provide optimal conditions for fertilization. We have shown that mating induces immediate changes in vesicle release͞accumulation, at least at peptidergic nerve termini, initially in those innervating the lower part of the Drosophila female reproductive tract. Later, at 3 h postmating, changes are also seen in the upper part of the reproductive tract. We suggest that the immediate postmating changes are the first step in a multiphasic switch in the ''state'' of the female reproductive tract (Fig. 4) . We propose that, before mating, the Drosophila female reproductive tract is poised for future production of large numbers of fertilized eggs but is arrested in a ''virgin'' state. An example of this arrest occurs in egg production. Oogenesis in unmated females arrests with a maximum of 1-2 mature oocytes per ovariole, and these oocytes are ovulated at a very low rate, Ϸ2 per day in our strains. Mating causes a drastic change in the physiology of the reproductive tract, to a ''mated'' state, in part by modulating the activity at nerve termini in the female's reproductive tract. Egg production (49) and ovulation increase (to as much as 50 per day in our strains), sperm are stored, and fertilization occurs very efficiently. We propose that the initial events after mating begin the transition that leads to a reproductive tract environment conducive to efficient production of fertilized eggs. They may also sensitize the female, or some of her reproductive tract tissues, to Acps whose subsequent actions facilitate egg release, sperm storage, etc. to allow the reproductive tract to operate at highest efficiency and coordination. It will be important in the future to identify the effectors whose release is being modulated by mating and Acps to ''trip'' this switch in state.
By elucidating neural effects of Acps and͞or sperm in the female reproductive tract, our results begin to address mechanisms by which these effectors cause changes in mated females. These changes are compartmentalized in time and space. In addition, their understanding can assist in elucidating the basis for the interesting evolutionary dynamics of Acps. An unusually high proportion of Acps show characteristics of rapid evolution (19, (50) (51) (52) (53) . This rapid evolution has been suggested to stem from aspects of sexual conflict and͞or sperm competition that drive male effector molecules to change (20, 21) . It is of interest to determine whether the female partners of Acps show similar evolutionary dynamics, but those partners remain unidentified. Elucidation of the physiological events triggered by Acps is a first step toward identifying the signaling pathways headed by their partners.
